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We report a novel mechanism, consisting of redistribution of valence electrons near the Fermi level,
during interactions of intense femtosecond X-ray pulses with a Co/Pd multilayer. The changes in Co
3d valence shell occupation were directly revealed by fluence-dependent changes of the Co L3 X-ray
absorption and magnetic circular dichroism spectra near the excitation threshold. The valence shell
redistribution arises from inelastic scattering of high energy Auger electrons and photoelectrons that
lead to transient holes below and electrons above the Fermi level on the femtosecond time scale.
The valence electron reshuffling effect scales with the energy deposited by X-rays and within 17 fs
extends to valence states within 2 eV of the Fermi level. As a consequence the sample demagnetizes
by more than twenty percent due to magnon generation.
Optical pump-probe techniques have revolutionized
understanding of the dynamics of solid-state matter on
picosecond and sub-picosecond timescales. Energy ab-
sorbed through valence electronic transitions can be ob-
served to equilibrate and transfer to other degrees of free-
dom, such as phonons [1, 2], magnons [3], or as transi-
tions of phase [4]. While optical techniques have provided
a wealth of information about phenomena emerging 50 fs
or longer after excitation, probing dynamics below this
range has proven more challenging [5, 6]. The initial
driving mechanism of phenomena such as ultrafast de-
magnetization has remained unclear.
X-ray free electron lasers have enabled the develop-
ment of high pulse energy ultrashort X-ray pulses with
durations as short as a few fs [7, 8]. With soft X-ray
excitation, energy is deposited into a material on a few
femtosecond timescale without memory of the exciting
pulse. This opens a new avenue to exploring material
dynamics on ultrashort timescale using all X-ray tech-
niques.
Ultrafast demagnetization is an excellent phenomenon
to study with such all X-ray techniques. Despite intense
study since its discovery more than twenty years ago [9],
the mechanism(s) driving ultrafast demagnetization is
still hotly debated [10–13]. Recent experimental works
have hinted at the importance of magnons [14–16] and
understanding the first 30 fs after electronic excitation
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[12, 17, 18]. Indirect evidence has also indicated signif-
icant energy transfer to the magnetic system within the
first 30 fs [17]. However, experiments that can unam-
biguously probe magnetism on this <30 fs timescale are
needed to determine whether energetic magnons drive ul-
trafast demagnetization.
X-ray magnetic circular dichroism spectroscopy
(XMCD) is a well-established technique that gives
element-specific information on the electronic and mag-
netic properties of unoccupied valence states [19,
20]. Here, we perform X-ray fluence-dependent X-
ray magnetic circular dichroism absorption spectroscopy
(XMCD) of Co/Pd magnetic multilayers [21] across the
Co L3 resonance at 778 eV. In our case, we use a single
X-ray pulse which acts as both pump and probe of the
sample dynamics. The averaged pump-probe delay is 15
fs, as determined by averaging the delay between pump
and probe for all possible positive delays and weight-
ing by the X-ray pump and probe strengths. We find
that the ≈ 250 meV per atom deposited by the 39 fs
Full Width at Half Maximum (FWHM) duration X-ray
pulse is transferred to valence electrons within 2 eV of
the Fermi level in 17 fs, and the sample demagnetizes
by 22 percent averaged over the X-ray pulse duration.
We thus probe, with the power of X-ray magnetic cir-
cular dichroism spectroscopy, the early stages of demag-
netization. We note that the disappearance of resonant
X-ray magnetic scattering with high X-ray fluence has
been observed with similar samples, but with incident
fluences higher than we investigate here [22, 23]. For
those higher fluences, effects such as stimulated emission
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FIG. 1. Experimental setup for high fluence X-ray absorp-
tion spectroscopy with circular polarization at LCLS. The
Delta undulator produced circularly polarized X-rays which
are then monochromatized. The total energy of these X-rays
is detected with the fluorescence-based I0 detector before they
are focused on a Co/Pd sample. The X-ray pulse transmitted
through the sample is attenuated before being detected with
a CCD (I1).
and ionization-induced absorption edge shifts have been
proposed to be important.
RESULTS
To measure the fluence dependence of X-ray absorption
across the Co L3 edge, we used the technique developed in
[24] with a few modifications to accommodate our use of
high and variable incident X-ray fluence (see Methods).
The key components of the experimental setup are shown
schematically in Fig. 1. Circularly polarized X-ray pulses
produced by the X-ray free electron laser were monochro-
matized to a bandwidth of 200 meV. These X-ray pulses
passed through a fluorescence-based relative X-ray pulse
energy detector (I0) [24] before being focused onto Co/Pd
magnetic multilayer samples. The samples had a metal
layer sequence of Ta(1.5)Pd(3)[Co(0.6)Pd(0.6)]x38Pd(2),
where the thicknesses in parentheses are in nm, and
were magnetized out-of-plane. The total energy of X-
ray pulses transmitted through the samples was detected
with a CCD (I1). The absolute X-ray pulse energy at the
sample was determined using the CCD and a gas-based
detector upstream of the samples (see Methods).
To calculate the X-ray excitation fluence, we have to
take into account that both the excitation profile and
probing profile are created by the same X-ray spot on
the sample. The X-ray spot is approximately Gaussian
and the X-ray fluence varies over this Gaussian spot. We
quote the X-ray fluence as the fluence averaged over the
X-ray pulse profile and weighted by the X-ray fluence at
each point on the sample. This averaged X-ray fluence is
one half of the peak X-ray fluence
Fig. 2 shows the dependence of the absorption spectra
around the Co L3 resonance on incident X-ray fluence. At
this resonance, X-ray absorption excites Co 2p3/2 core
electrons into unoccupied valence states which are pri-
marily of 3d character. Spectra were recorded in the low
fluence limit at the ALS synchrotron light source [25]
(dashed spectra labeled “Sync. L. S.”), and compared
to those recorded with variable incident X-ray fluence at
LCLS. The position of the Fermi level is determined as
the zero crossing of the change in XAS, between where
the change in XAS is positive below the absorption res-
onance, and negative at the peak of the absorption res-
onance, as described further below. The position of the
Fermi level is indicated in Fig. 2 with dashed vertical
lines at 777.5 eV. The incident X-ray photon energy is
shown on the bottom x-axes of Fig. 2, while the distance
from the Fermi level is shown on the top x-axes. Above
the Fermi level, the incident X-rays have sufficient photon
energy to excite Co 2p3/2 core electrons into unoccupied
valence states.
Fig. 2a shows, for the low fluence limit (Sync. L. S.)
and 39 mJ/cm2 incident fluence cases, the dependence of
X-ray absorption intensity on photon energy and the rel-
ative orientation of X-ray polarization and sample mag-
netization. One case of relative orientation of sample
magnetization and X-ray polarization (σ−) gives a large
absorption resonance due to efficient excitation into the
unoccupied states with the dominant spin orientation,
while the other (σ+) gives a much weaker absorption res-
onance. Also shown is the strength of the absorption due
to the Pd in the sample (as calculated using [26]). Fig.
2b shows the difference between the X-ray absorption
measured at LCLS and that measured at the synchrotron
light source as a function of the incident fluence at LCLS.
For an incident X-ray fluence of 4 mJ/cm2, there are no
spectral changes outside of the noise of the measurement.
For an incident X-ray fluence of 39 mJ/cm2, X-ray ab-
sorption changes of more than ten percent of the resonant
X-ray absorption magnitude occur.
Usually, spectra such as those shown in Fig. 2a are
processed into and shown as so-called XAS and XMCD
spectra. The XAS spectrum is the average of the σ+ and
σ− spectra, while the XMCD spectrum is their differ-
ence. In the low fluence limit, the XAS spectrum reflects
the sample’s electronic structure, while the XMCD spec-
trum reflects its magnetic structure. The division of the
lowest and highest fluence spectra into these components
is shown in Fig. 2c. These spectra are calculated us-
ing the same data as that of Fig. 2a, and are simply a
different view of that data. Fig 2d shows the difference
between the XAS and XMCD recorded at LCLS and that
recorded at the synchrotron light source as a function of
the incident X-ray fluence at LCLS.
There are large fluence-dependent changes of the XAS
and XMCD shown in Fig. 2c and d. In the XAS, the ab-
sorption increases with increasing incident X-ray fluence
below the Fermi level (<777.5 eV), while it decreases with
increasing incident X-ray fluence above the Fermi level
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FIG. 2. Fluence dependence of X-ray absorption around the
Co L3 edge of Co/Pd. Absorption spectra were recorded in
the low fluence limit at the ALS synchrotron light source (la-
beled “Sync. L. S.”), and with variable incident X-ray fluence
at LCLS. The location of the Fermi level is also indicated with
dashed vertical lines. (A) X-ray absorption spectra recorded
with parallel (σ−) and anti-parallel (σ+) orientations of X-
ray polarization and sample magnetization. Also shown is
the contribution of the Pd absorbance to the total sample ab-
sorbance. (B) Difference of X-ray absorption spectra recorded
at varying incident X-ray fluence at LCLS relative to those
recorded in the low fluence limit. (C) XAS and XMCD spec-
tra calculated from the data shown in (A). (D) Difference of
XAS and XMCD recorded with varying incident X-ray fluence
at LCLS relative to the low fluence limit.
(>777.5 eV). The XAS changes are localized to within
1.5 eV of the Fermi level and do not extend over the
entire absorption resonance.
These fluence-dependent changes in XAS indicate shuf-
fling of valence electrons from below to above the Fermi
level. This results in an increased XAS below the Fermi
level due to an increase in unoccupied states to excite
into with an energy below the Fermi level. Similarly, the
decrease in XAS above the Fermi level results from a de-
crease in the available unoccupied states to excite into
above the Fermi level (increase in occupation of states
above the Fermi level).
This valence electron shuffling process occurs when the
high energy Auger electrons and photoelectrons, which
are generated following X-ray absorption, inelastically
scatter with the valence electrons in the material. This
process can create hundreds of electron-hole pairs per ab-
sorbed X-ray photon as the several hundred eV Auger-
and photo-electrons decay to near the Fermi level in an
electron cascade. Signs of this process have been ob-
served in X-ray emission [27–30] and X-ray pump–optical
probe measurements [31], as commonly used for diagnos-
ing relative arrival times of optical and X-ray pulses in
experiments with XFELs [32]. For the < 50 fs timescale
of this experiment, the deposited electronic energy is pri-
marily also stored as electronic energy [10, 17]. Some
electrons escape the material in this cascade, but the en-
ergy they carry away from the sample is much less than
the deposited X-ray energy [33, 34].
The XMCD shown in Fig. 2c and d decreases with
increasing incident X-ray fluence at a faster rate than
the XAS changes. In contrast to the XAS changes, the
XMCD does not change significantly below the Fermi
level. The decrease in XMCD extends to higher photon
energies than the decrease in XAS, as shown in Fig. 2c
and d. The degree of XMCD decrease is close to the
degree of demagnetization following strong optical exci-
tation of similar materials in a ≈ 15 fs timescale [35].
This indicates that the XMCD changes in this fluence
range can be explained through X-ray-induced demag-
netization. The high energy electrons created following
X-ray absorption do not scatter in a spin dependent man-
ner [36], but lower energy secondary electrons can drive
an X-ray-induced demagnetization in the same manner
as with optical excitation.
This discussion shows that the fluence-dependent
changes in resonant X-ray absorption can be explained
by X-ray-induced valence electron redistribution and
demagnetization within the X-ray pulse duration. A
difficulty in quantitative understanding of the spectral
changes arises, however, due to the strongly varying
strength of X-ray absorption in the vicinity of the Co L3
resonance with respect to photon energy and relative ori-
entation of sample magnetization and X-ray polarization
(as seen in Fig. 2a). Due to this variation in X-ray ab-
sorption strength, the degree of sample excitation, varies
greatly with respect to these parameters for a given in-
cident fluence. To make the data more straightforwardly
interpretable, we also calculate spectra which are cho-
sen to have an approximately constant absorbed X-ray
fluence rather than incident X-ray fluence.
Fig. 3 shows a quantification of the absorption changes
in these spectra recorded with a constant absorbed X-ray
energy density (absorbed X-ray fluences were converted
to absorbed X-ray energies per atom using the atomic
densities given in [37]). The spectral changes represent
the state of the sample averaged over the X-ray pulse du-
ration. The deposited X-ray energy averaged over the X-
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FIG. 3. Quantification of the fluence-dependent X-ray ab-
sorption changes with respect to the pulse averaged energy
absorbed in the Co/Pd multilayer (one half of the total ab-
sorbed energy). Vertical errorbars correspond to the standard
error of the displayed quantities while horizontal errorbars
correspond to the estimated 20 percent uncertainty in the ab-
solute fluence calibration. (A) Co 3d electron energy averaged
over the X-ray pulse as calculated from the fluence-dependent
XAS changes. (B) Normalized XMCD strength averaged over
its FWHM extent in photon energy.
ray pulse duration is one half of the total deposited X-ray
energy. We therefore quantify the spectral changes with
respect to the pulse averaged absorbed X-ray energy, as
shown in Fig. 3. This is in contrast to the spectra shown
in Fig. 2, which were given with respect to the total
incident X-ray fluence. The vertical errorbars of Fig. 3
are standard errors of the displayed quantities. The hor-
izontal errorbars correspond to the estimated 20 percent
uncertainty in the calibration of the absolute X-ray flu-
ence (the relative uncertainty for different X-ray fluence
points is much less). The data extends up to a pulse
averaged absorbed X-ray energy of 130 meV/atom. We
note that the threshold dose for melting of these Co/Pd
multilayers is 0.615 eV/atom (see methods). For solids,
permanent sample damage is usually observed for sam-
ples exposed to single-shot X-ray doses larger than the
melting threshold [38, 39].
Fig. 3a shows an estimation of the valence excitation
strength as a function of the pulse averaged deposited
X-ray energy using the XAS spectra and the XAS sum
rule. This rule states that Nh = k[L3 +L2], where Nh is
the number of Co 3d holes per atom, L3 and L2 are the
integrals over the resonant components of the Co L3 and
L2 edges, and k is a proportionality constant [19]. As we
measured XAS changes only at the Co L3 resonance, we
approximated this sum rule asNh = mL3, wherem is an-
other proportionality constant. To calculate m, we took
Nh to be 2.49 and subtracted a non-resonant background
from the low fluence X-ray absorption spectra, as in [40].
The change in number of Co 3d holes per unit energy
is approximately given by an energy dependent version
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FIG. 4. Comparison of spectra recorded with 130 meV/atom
pulse averaged X-ray energy absorbed in the Co/Pd multi-
layer (260 meV/atom total absorbed energy, 15 mJ/cm2 to-
tal absorbed fluence) to those recorded on the same sample in
the low fluence limit at a synchrotron light source. (A) XAS
and XMCD. (B) Difference of XAS relative to the low fluence
limit. Also shown is this XAS difference inverted about the
origin. (C) Difference of XMCD relative to the low fluence
limit. Also shown is the original XMCD scaled by a factor.
of this sum rule, ∆Nh(E) = m∆L3(E), where E is the
particular energy of interest, and ∆L3(E) is the change
in XAS at that energy. The change in Co 3d electron
energy per atom, ∆V , is then given by multiplying by
the distance below the Fermi level and integrating over
energy:
∆V = −m
∫
(E − Ef )∆L3(E)dE. (1)
Performing this integration from 2 eV below to 2 eV
above the Fermi level, we obtain the results shown in
Fig. 3a. The data is well represented by a linear fit with
the spectrally calculated valence electron energy being 72
percent of the total deposited X-ray energy. This repre-
sents the degree to which the deposited X-ray energy has
been transferred to electrons within 2 eV of the Fermi
level within the X-ray pulse duration.
5We further used the spectrally detected valence elec-
tron energy as a function of pulse averaged absorbed X-
ray energy to estimate the duration of the cascade from
initial high energy X-ray excitation to valence excitations
within 2 eV of the Fermi level. To do so, we calculated,
within a simple model and for the parameters of this
experiment, the cascade duration, τc, which gives a spec-
trally detected electron energy within 2 eV of the Fermi
level which is 72 percent of the pulse averaged absorbed
X-ray energy, as for the fit to the data of Fig. 3a. In
this simple model, the electronic energy within 2 eV of
the Fermi level was given by v(t) = (I ∗ c)(t), where
∗ denotes convolution, c(t) gives the fraction of energy
transferred to within 2 eV of the Fermi level following
instantaneous X-ray excitation at t = 0, and I(t) is the
intensity of the X-ray pulse at the sample. c(t) was mod-
eled as a linear increase from zero at t < 0 to one at
t > τc, with τc being the duration of the electron cascade.
I(t) was modeled as the convolution of a flattop function
with 25 fs FWHM (representing the pulse produced by
LCLS) and a Gaussian with 34 fs FWHM (represent-
ing the pulse broadening due to the monochromator).
We note that this neglects the spiky temporal structure
of the XFEL pulses which were produced through self-
amplified spontaneous emission [41]. The spectrally de-
tected valence electron energy, s, was then given by aver-
aging the valence electron energy over the X-ray pulse in
time, s = (
∫
dtI(t)v(t))/(
∫
dtI(t)). Within this model, a
cascade duration of τc = 17 fs gives a spectrally detected
electron energy within 2 eV of the Fermi level which is
72 percent of the pulse averaged absorbed X-ray energy,
as in the fit to the data of Fig. 3a. This extracted X-ray-
induced electron cascade duration of 17 fs is in reasonable
agreement with the predicted duration of transfer of elec-
tronic energy from initial several hundred eV excitations
to excitations with energies of 10 eV or less following soft
X-ray excitation of condensed matter [42, 43].
Fig. 3b shows the XMCD as a function of the absorbed
X-ray energy per atom. The strength of the XMCD de-
creases with increasing absorbed X-ray energy. For the
highest fluence case of 130 meV per atom pulse aver-
aged absorbed X-ray energy, the XMCD has decreased
in magnitude by 22 percent.
Fig. 4 shows the observed spectral changes with 130
meV/atom pulse averaged absorbed energy in the Co/Pd
multilayer. Unlike in the case with constant incident flu-
ence, the XAS changes observed below and above the
Fermi level are now equal and opposite in shape and mag-
nitude. This is further illustrated by plotting the XAS
changes inverted about the Fermi level (−∆XAS(−E)),
as shown in Fig. 4b. The inverted XAS changes over-
lap the measured XAS changes well. The similarity of
these XAS changes below and above the Fermi level fur-
ther reinforces their shared origin of shuffling of valence
electrons from below to above the Fermi level. Further,
the equal strengths of the increase in XAS below the
Fermi level and decrease in XAS above the Fermi level
show that the total number of 3d holes in Co is con-
served during the X-ray pulse, and that there are no great
changes in the electronic density of states within the X-
ray pulse duration, as may be expected, for example, due
to a change in the exchange splitting.
The XMCD in Fig. 4c is reduced in strength relative
to its low X-ray fluence limit. Comparing this to a scaled
version of the XMCD measured in the low fluence limit
reveals no XMCD line shape changes outside of the exper-
imental error except, possibly, a small deviation around
the Fermi level. An important observation is that the
XMCD changes extend through energies well above the
Fermi level, even where the XAS is negligibly changed.
This corresponds to the increase in σ+ absorption in-
tensity and equal magnitude decrease in σ− absorption
intensity at 1.5 eV above the Fermi level in Fig. 2b.
These changes cannot be explained through increases in
the occupations of states with a specific spin polarization
above the Fermi level, an effect which only decreases X-
ray absorption intensity. Instead, the spin polarization
of the density of states has decreased. Such a change
can occur through significant magnon generation, as re-
cently observed in time- and spin-resolved photoemis-
sion [16], and in temperature-dependent measurements
of magnetic structure [44, 45]. That the XMCD of Fig.
4c is nearly unchanged in shape relative to the low fluence
limit shows that this ultrafast magnon generation is the
dominant contribution to the demagnetization observed
in this experiment. Our results show that this magnon
generation process is remarkably fast, already being the
dominant contributor to demagnetization within 15 fs of
X-ray excitation.
DISCUSSION
In summary, we have presented X-ray fluence-
dependent changes of X-ray absorption at the Co L3 edge
of Co/Pd magnetic multilayers. The spectral changes re-
flect a transfer of deposited X-ray energy to valence elec-
trons within 2 eV of the Fermi level in 17 fs and demag-
netization of more than twenty percent due to magnon
generation. Our study shows that X-ray-induced dynam-
ics can be used to gain new insights into ultrafast pro-
cesses, such as ultrafast demagnetization. In other cases,
it is desirable to use high intensity X-ray pulses to probe
sample characteristics without modification of the sample
properties through X-ray excitation [46–48]. Our study
sets limits on when this is possible.
METHODS
A. Co/Pd Samples
The Co/Pd samples were sputter deposited onto 100
nm thick Si3N4 membranes. They had a metal layer se-
quence of Ta(1.5)Pd(3)[Co(0.6)Pd(0.6)]x38Pd(2), where
6the thicknesses in parentheses are in nm. During mea-
surement, the samples were magnetized out-of-plane with
an applied magnetic field of 350 mT. This field was suffi-
cient to saturate the magnetization out-of-plane, as ver-
ified through hysteresis loop measurements.
B. High Fluence X-Ray Magnetic Circular
Dichroism Absorption Spectroscopy
We performed this experiment at the SXR hutch [49]
of the LCLS X-ray free electron laser [7, 46]. The Delta
undulator was operated in the diverted beam scheme,
providing circularly polarized X-ray pulses with 200 µJ
pulse energy and 25 fs FWHM pulse duration [50]. A
grating monochromator then filtered these X-rays to a
bandwidth of 200 meV and broadened the pulses by 34
fs FWHM [51, 52], resulting in a pulse length of 39 fs
FWHM (as estimated numerically). After monochrom-
atization, the gas monitor detector measured the abso-
lute X-ray pulse energy [53]. A fluorescence-based X-
ray detector then measured the shot-to-shot incoming
pulse energy [24], before the X-rays traversed a variable
attenuation solid attenuator system, which enabled ad-
justment of the X-ray fluence at the sample. Next, a
pair of Kirkpatrick-Baez mirrors focused the X-rays onto
the sample at normal incidence with a spot size of 11
by 21 µm FWHM, as measured by pinhole scans. The
X-rays transmitted through the sample were attenuated
before being detected with a CCD (Andor DO940P-BN-
T2). The CCD was operated in “spectroscopy” mode,
where the signal is integrated over each pixel column of
the CCD before read out. In this mode, the CCD could
be read out at the full 120 Hz repetition rate of LCLS.
When data was recorded with fluences near and above the
threshold for permanent sample damage, samples were
replaced at a rate of 2 Hz. In calculating spectra, we
only used data recorded on samples which had not been
exposed to fluences above a threshold well below that
required for permanent X-ray absorption changes.
C. Determination of Absolute Pulse Energy
The absolute X-ray pulse energy at the sample was de-
termined using the gas monitor detector upstream of the
sample and the CCD downstream of the sample. Despite
the fundamental physical differences in the operation of
these detectors, they gave values for the absolute pulse
energy at the sample which were within 20 percent of
each other. In calculating the pulse energy at the sam-
ple, the efficiency or transmission of components between
the pulse energy detector and the sample was taken into
account. The transmission of attenuators inserted before
or after the sample was measured. The efficiency of each
of the soft X-ray mirrors was estimated to be 0.73, and
the transmission of the SiN membrane used in the I0 de-
tector was calculated to be 0.59 for the measured photon
energies [26].
D. Melting Threshold of Co/Pd
The threshold dose for melting of the Co/Pd multilayer
samples, Dmelt, was approximated as
Dmelt = fCo [Hf,Co +HCo(Tmelt)−HCo(T0)]+fPd [HPd(Tmelt)−HPd(T0)] ,
(2)
where fx is the fraction of atomic species x in the Co/Pd
multilayers, Hf,Co is the enthalpy of fusion of Co, Hx(T )
is the enthalpy of x at temperature T , and Tmelt is the
melting temperature of Co, which has a lower melting
temperature than Pd [37]. Using the melting tempera-
tures and atomic densities given in [37], as well as the
enthalpies given in [54, 55], we obtain Dmelt = 0.615
eV/atom. The enthalpies tabulated in [55] have been
interpolated to Tmelt where necessary.
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